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Renin release from microdissected superficial, midcortical, and
juxtamedullary afferent arterioles in rabbits
NOBORU NusHIRo, SADAYOSHI ITO, and OSCAR A. CARRETERO
Hypertension Research Division, Henry Ford Hospital, Detroit, Michigan, USA
Renin release from microdissected superficial, midcortical, and juxta-
medullary afferent arterioles in rabbits. Renal renin content and release
decrease from outer to inner cortex; this may be due to a cortical-to-
medullary gradient in glomerular density and/or renin content per
afferent arteriole. Although low sodium diets have been reported to
decrease the tissue renin gradient, little information is available on renin
release by different areas of the renal cortex or the effect of a low
sodium diet. In the present study, we examined basal- and isoprotere-
nol-stimulated renin release and content in microdissected superficial,
midcortical, and juxtamedullary afferent arterioles from rabbits on
normal and low sodium diets. Renin content was 25.8 3.6, 1.4 0.32,
and 0.27 0.09 ng angiotensin I (Ang 1)/hour/arteriole in the superficial,
midcortical and juxtamedullary arterioles, respectively. Dietary sodium
restriction significantly increased it to 60.1 7.3, 13.8 3.1, and 1.48
0.6, respectively. Renin release was 0.64 0.13, 0.15 0.04, and
0.025 0.013 ng Ang I/hour/arteriole/hour incubation of arteriole in the
superficial, midcortical and juxtamedullary arterioles, respectively.
With sodium restriction it increased significantly for the superficial,
(1.77 0.27) and midcortical (0.62 0.11) but not the juxtamedullary
arterioles (0.038 0.02). With either diet, renin release and content
among the three types of arterioles were significantly different. Isopro-
terenol (1.6 x iO M) significantly stimulated renin release from all
three types of arterioles whether rabbits were fed a normal or low
sodium diet; however, only in the superficial arterioles was the increase
() greater with dietary sodium restriction. In summary, in microdis-
sected rabbit afferent arterioles, there are steep cortical-to-medullary
gradients in renin content and release per arteriole which are main-
tained after dietary sodium restriction; the effect of dietary sodium
restriction on both renin content and basal or isoproterenol-stimulated
release is greater in superficial than deeper arterioles.
Renin, a rate-limiting enzyme of the renin-angiotensin sys-
tem, is synthesized by, stored in, and released from the
juxtaglomerular cells, located in the media of the afferent
arteriole. Heterogeneity of renin content, with a higher amount
in the outer than the inner cortex, has been reported in dogs [1,
2], rats [3], cats [4], mice [5], and rabbits [6]. This gradient
could be due to a decrease in glomerular density and/or renin
content per afferent arteriole.
Brown et al [71 and Gavras et a! [8] microdissected superficial
and deep glomeruli together with the terminal portion of the
afferent arterioles and measured renin content following con-
striction of the renal artery or sodium depletion in rabbits. They
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found that the renin gradient was lessened (or even eliminated
in some cases) as the result of a considerable increase in deep
glomerular renin content. On the other hand, using similar
techniques, Flamenbaum and Hamburger [9] reported that
when rats were fed a low sodium diet, the increase in renin
content was greater in the superficial than the deep juxtaglo-
merular apparatus. In these early studies, renin activity was
measured by bioassay of angiotensin I using anesthetized rats.
Later, more specific and quantitative measurements of renin
activity by radioimmunoassay of angiotensin I were developed;
however, there have been only a few reports since then on the
heterogeneity of renin content and its alteration by various
maneuvers.
Although renin release from isolated superficial afferent arte-
rioles has been studied [10—15], little information is available on
renin release by different areas of the renal cortex. Since dietary
sodium restriction alters the gradient of tissue renin content, its
effect on renin release may vary among different nephron
populations.
In the present study, we microdissected afferent arterioles
from the superficial, middle and juxtamedullary cortex of the
rabbit kidney and studied: 1) whether tissue renin content or
renin release per arteriole decreases going from outer to inner
cortex; and 2) whether the effect of sodium restriction on tissue
renin content and basal or isoproterenol-stimulated renin re-
lease differs among the three types of afferent arterioles.
Methods
Minimal essential medium (MEM) was obtained from Irvine
Scientific (Santa Ana, California, USA), sodium heparin and
furosemide from Elkins-Sinn (Cherry Hill, New Jersey, USA),
sodium pentobarbital from Abbott Laboratories (North Chi-
cago, Illinois, USA), bovine serum albumin (BSA) from
Schwartz/Mann Biotech (Cleveland, Ohio, USA), and L-ascor-
bic acid and L-isoproterenol from Sigma Chemical (St. Louis,
Missouri, USA).
Isolation of superficial, midcortical, and juxtamedullaty
afferent arterioles
Young male New Zealand white rabbits weighing 1.2 to 2.0 kg
were fed either standard (0.25 to 0.32% sodium and 1.2%
potassium) or low sodium rabbit chow (0.02 to 0.03% sodium
and 1.0% potassium) for four weeks and given tap water ad
libitum. To facilitate sodium depletion, 20 mg furosemide was
administered intravenously on day I of the low sodium diet.
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Plasma renin activity in sodium depleted rabbits (N = 8) was
significantly higher than in those fed a normal sodium diet (N
8; 10.2 1.0 vs. 4.7 1.2 ng AI/ml/hr; P < 0.005). The rabbits
were anesthetized with sodium pentobarbital (40 mg/kg i.v.)
followed by intravenous injection of 1000 U heparin. Both
kidneys were perfused in situ with cold, oxygenated (95% 02
and 5% C02) MEM containing 0.1% BSA via a cannula placed
in the abdominal aorta. The left kidney was removed and
sectioned along the corticomedullary axis. Slices were micro-
dissected in ice-cold MEM under a stereomicroscope at mag-
nifications up to X 100.
We microdissected the entire afferent arterioles as described
previously [10]. Superficial and midcortical arterioles were
microdissected from the terminal and middle portions of the
interlobular arteries, respectively. In the case of the juxtame-
dullary arterioles, a small segment of the arcuate artery with
two or three interlobular arteries attached was gently pulled out
of the slice together with adhering tubular elements. The
tubular fragments were stripped off and the juxtamedullary
arterioles branching from the arcuate artery or the interlobular
arteries near their origin from the arcuate artery were isolated.
Care was taken to avoid distortion or disruption of arterioles,
and the terminal portion of the arteriole was left intact.
Arteriolar renin content
Arteriolar renin content was examined in 23 rabbits fed a
normal sodium diet and 25 rabbits fed a low sodium diet. From
each animal, 4 to 6 superficial, 8 to 12 midcortical and 8 to 12
juxtamedutlary arterioles were microdissected in 90 minutes
and pooled separately in the dissection dish. Following micro-
dissection, each group of arterioles was transferred to a small
plastic ladle with a 54-sm nylon mesh bottom (Tetko, Elmsford,
New York, USA). The ladle was examined microscopically to
confirm that all arterioles were present, after which it was
rinsed and blotted from the bottom three times with 100 p1
oxygenated MEM containing 0.1% BSA (MEM-0.1%BSA).
Superficial, midcortical and juxtamedullary arterioles were
placed in 100, 50, and 40 /Ll of distilled water, respectively, and
immediately frozen. After the samples had thawed, 900, 450, or
160 p1 of MEM-0. 1%BSA was added to bring the total volume
to 1, 0.5, or 0.2 ml, respectively. The sample volume was
determined based on a pilot study which showed large differ-
ences in renin content among the three types of arterioles.
Samples were frozen until time for the renin assay.
Since the juxtamedullary arterioles have been described as
shorter than the superficial arterioles in rabbits [6], we also
examined in 10 and 14 rabbits on a normal and a low sodium
diet, respectively, whether different arteriolar lengths contrib-
ute to the renin gradient. The length of the microdissected
arterioles was measured using a scale in the eyepiece of the
microscope and their renin content normalized per length of the
arteriole.
Renin release
Superficial, midcortical and juxtamedullary arterioles were
microdissected from 15, 8 and 7 rabbits on a normal sodium
diet, and from 13, 7 and 7 on a low sodium diet, respectively.
From each animal, 8 to 12 superficial, 18 to 22 midcortical, or 18
to 22 juxtamedullary arterioles were microdissected in 90 min-
utes and divided into two groups (isoproterenol and vehicle
control) containing approximately the same number of arteri-
oles.
Each group of arterioles was placed in a ladle and preincu-
bated for 35 minutes at 37°C in a small plastic microtube
containing 1 ml oxygenated MEM with 0.1% BSA and 0.1%
ascorbic acid (MEM-0. l%BSA-VC). After preincubation, each
ladle was rinsed, blotted, and transferred into a small plastic
microtube containing 100 p1 of oxygenated MEM-0. 1%BSA-
VC. The gas layer above the incubation medium was replaced
with 95% 02 and 5% CO2 and the microtubes covered tightly.
The afferent arterioles were incubated in MEM-0.l%BSA-VC
for 20 minutes (control period), after which the ladles were
transferred to fresh MEM-0. l%BSA-VC containing either iso-
proterenol (final concentration, 1.6 x i0 M) or its vehicle for
the second 20-minute incubation (experimental period). Follow-
ing the experimental period, arterioles were again placed in
MEM-0. l%BSA-VC for the 20-minute recovery period. Incu-
bation medium left in the microtube was frozen (—20°C) until
the renin assay was performed. After serial incubations were
completed, it was confirmed microscopically that all arterioles
remained in the ladle.
Determination of renin concentration
Renin concentration was determined as described previously
[10]. Briefly, incubation medium containing released renin (80
p1) or solution containing tissue renin (80 p1) was incubated
with partially purified rabbit renin substrate equivalent to 600 ng
angiotensin I (Ang I) (total volume 300 p1, pH 6.5). Because of
the large difference in renin content among superficial, midcor-
tical, and juxtamedullary samples, incubation time was set at 3,
6 and 16 hours, respectively. At the end of incubation, saline
containing 0.015 M HC1 (300 p1) and 0.1 M phosphate buffer (400
p1) was added and the reaction stopped by boiling. Generated
Ang I was measured by radioimmunoassay. Renin substrate
was prepared by ammonium sulfate fractionation of plasma
obtained from rabbits which had undergone bilateral nephrec-
tomy 72 hours earlier; for each batch of substrate, approxi-
mately eight rabbits were used. The substrate had no detectable
renin or angiotensinase activity. Ang I generation was linear
with both renin concentration and incubation time up to 16
hours.
Renin content of a single arteriole was calculated by normal-
izing the amount of generated Ang I by the incubation time,
sample volume and number of arterioles (ng Ang I hr'/AF).
To obtain renin content per length of arteriole (100 tm), the
same calculation was done, but the data were normalized by the
total length instead of the number of arterioles used, and
expressed as ng Ang I . hr'/100 pm AF. Renin release was
calculated similarly, with additional normalization per hour
incubation of arterioles, and expressed as ng Ang. hr'
AF '/hr.
Statistics
Data are expressed as means SE. Analysis was carried out
on the log (x + 1) transformed variables to reduce skewness and
equalize variances. Repeated measures analysis of variance
(ANOVA) for overall differences and a paired t-test or
Wilcoxon-signed rank test for pair differences (given significant
overall difference) were used to compare: a) tissue renin con-
tent, b) arteriolar length, c) renin content normalized by length,
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and d) effect of isoproterenol on renin release during normal or
low sodium intake. A two-sample t- or Wilcoxon rank sum test
was used (given a significant repeated measures ANOVA
interaction effect) to compare normal and low sodium groups
with respect to: a) plasma renin activity, b) tissue renin content,
c) renin content normalized by artenolar length, d) basal renin
release, and e) its increase () following isoproterenol. Spear-
man's rank correlation was used to evaluate the correlation
between length and renin content in each type of arteriole
during normal or low sodium intake. Two-way ANOVA and
two-sample f-tests or one-way ANOVA with Scheffe's multiple
comparisons were used to compare: a) basal renin release, b)
renin content after incubation, and c) ratio of renin release to
content among the three types of arterioles during normal or
low sodium intake. P < 0.05 was considered significant for
overall repeated measures ANOVA results. The Bonferroni
multiple comparison adjustment was used for the f-tests and
Wilcoxon tests (P < 0.05/number of related tests was consid-
ered statistically significant).
Results
Arteriolar renin content
In rabbits fed a normal sodium diet, renin content of the
superficial, midcortical and juxtamedullary afferent arterioles
was 25.8 3.6, 1.44 0.32 and 0.27 0.O9ngAngI . hr/AF,
respectively. With low sodium, it increased to 60.1 7.3 (P <
0.0001 vs. normal sodium), 13.8 3,1 (P < 0.0001) and 1.48
0.6 ng Ang I . hC1/AF (P < 0.05), respectively (Fig. 1). The
effect of the low sodium diet was far less evident in the
juxtamedullary arterioles than in the other two types, reaching
statistical significance only with larger (Fig. 1) but not smaller
numbers of animals (Fig. 2). On either diet, renin content
differed significantly among the three types of arterioles (P <
0.0001), with the absolute difference becoming greater with low
sodium. The superficial arterioles were significantly longer than
either the midcortical or juxtamedullary arterioles; however,
even after normalization by length, the gradient remained steep
(Fig. 2). There was no significant correlation between length
and renin content in rabbits fed either diet (Table 1).
Renin release
Renin release remained stable throughout the incubations in
vehicle control groups, and exhibited a steep gradient from
superficial to midcortical to juxtamedullary arterioles (Table 2).
Low sodium increased renin release from superficial and mid-
cortical (P < 0.01) but not juxtamedullary arterioles. On either
diet, the renin release rate differed significantly among the three
types of arterioles (P < 0.001). Isoproterenol, at a concentra-
tion of 1.6 x iO M, significantly increased renin release from
all types of arterioles whether rabbits were fed a normal or low
sodium diet (Fig. 3); however, only in the superficial arterioles
was the increase () greater on low sodium (P < 0.01, Fig. 4).
Discussion
We have previously shown that microdissected afferent arte-
rioles can be used to study renin release [10—13]. Using this
preparation, the present study has demonstrated considerable
heterogeneity of both renin content and basal and isoprotere-
nol-stimulated renin release among superficial, midcortical and
juxtamedullary afferent arterioles.
Gradients in renin content within the kidney have been
demonstrated in a variety of species [1—5, 9]. However, glomer-
ular density is also known to decrease from outer to inner
cortex [1, 4]. Therefore, these gradients could be due to a
decrease in the number of afferent arterioles per unit of tissue
weight. However, previous studies, in which renin content per
nephron was estimated indirectly by the ratio of renin content
to glomerular count per tissue weight, have suggested that renin
content per afferent arteriole decreases from outer to inner
cortex. In the present study, microdissection of the entire
afferent arteriole demonstrated more directly that renin content
per arteriole does indeed decrease steeply from superficial to
midcortical to juxtamedullary arterioles in rabbits fed either a
normal or low sodium diet. This is consistent with the findings
70 **
60
50
40
**
30
20
10
**
C
gLL
a)t
Midcortical Juxtamedullary
Fig. 1. Tissue renin content per afferent arteriole in superficial, mid-
cortical and juxtamedullary arterioles during normal (U, N = 23) and
low sodium intake (, N = 25). N represents the number of animals.
*D < o,o5, **P < 0.0001 vs. normal sodium.
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Fig. 2. Renin content per 100 .un of the afferent arteriole during
normal (U, N = 10) and low sodium intake (, N = 14). N
represents the number of animals. P < 0.01, **P < 0.001 vs. normal
sodium.
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Table 1. Correlation between length of afferent arteriole and tissue renin content
Length of arteriole Tissue renin content
Group N p.m ng Ang I hr'/AF r P
I. Normal sodium
1. Superficial 10 153 10.6 28.2 5.1 0.25 >0.41
2. Midcortjcal 10 51.6 43a 1.36 0.49 0.17 >0.61
3. Juxtamedullary 10 53.5 6.8a 0.23 0.09 —0.21 >0.55
II. Low sodium
1. Superficial 14 145 9.9 73.7 11.4 —0.13 >0.65
2. Midcortical 14 61.2 55a 15.2 4.3 —0.26 >0.36
3. Juxtamedullary 14 50.5 4.2a 1.67 1.0 0.35 >0.21
Values are mean 5EM. N represents the number of animals.
a p < 0.0001 compared with superficial arterioles in the same group
Table 2. Renin release rate in vehicle control group
Renin release rate
ng Ang I hr' . AF'/hr
Group N I II HI
I. Normal sodium
1. Superficial 15 0.64 0.13 0.67 0.15 0.79 0.17
2. Midcortjcal 8 0.15 0.04 0.19 0.06 0.20 0.07
3. Juxtamedullary 7 0.025 0.01 0.036 0.03 0.028 0.02
H. Low sodium
1. Superficial 13 1.77 O.27a 2.07 0.34a 2.43 o.4o
2. Midcortical 7 0.62 0.lla 0.75 0.19a 0.82 o.25
3. Juxtamedullary 7 0.038 0.02 0.034 0.02 0.042 0.02
Values are mean 5EM. N refers to the number of animals; I, II and III refer to the first, second and third incubation period, respectively.
a P < 0.01 compared to corresponding arterioles in the normal sodium group. Renin release rate was significantly different (P < 0.0001) among
the three types of arterioles during both normal and low sodium intake.
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Fig. 3. Effect of isoproterenol on renin release from superficial (normal
sodium N = 15, low sodium N = 13), midcortica! (normal sodium N =
8, low sodium N = 7) and juxtamedullary afferent arterioles (normal
sodium N = 7, low sodium N = 7). C, E and R refer to control,
experimental (1.6 x l0— M isoproterenol) and recovery periods,
respectively. Although basal renin release from juxtamedullary arteri-
oles seems lower with the low sodium diet due to two low values (0.002
and 0.003), it was not statistically different compared to basal release
with the normal sodium diet. N represents the number of animals. *D <
0.05, 'P < 0.01 vs. control period.
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Fig. 4. Isoproterenol-induced renin release in superficial, midcortical
and juxtamedullary afferent arterioles during normal and low sodium
intake. C = control period; E = experimental period.
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of Brown et al [6, 7] and Gavras et al [8] in rabbits on normal
sodium. However, other studies have shown far less of a
gradient in rats [3, 9], mice [5], cats [41, and dogs [1, 2]; this is
presumably related to differences between species rather than
methods, since Flamenbaum and Hamburger [91 also used
microdissected glomeruli of rats but did not observe such a
steep gradient.
In contrast to Gavras et al [81, who reported a markedly
lessened renin gradient with sodium depletion, we found that a
low sodium diet for four weeks increased absolute differences
among arterioles. Although we also observed an increase in
renin content in the deep afferent arterioles following sodium
depletion, the increase seen in the superficial arterioles was
much greater, keeping the gradient steep. The discrepancy
between our study and that of Gavras et al may be due to the
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different length of the arterioles studied (terminal segment vs.
entire afferent arteriole).
We microdjssected the entire afferent arteriole since the
presence of renin in arteriolar segments other than the vascular
pole may also contribute to the renin gradient in the kidney. It
has been reported that more than 50% of afferent arterioles
showed positive immunostaining for renin over distances ex-
ceeding 30 m upstream from the glomerulus in adult mice
during regular sodium intake [5]. The length of the renin-
positive segments has been reported to extend markedly from
the vascular pole toward the interlobular artery with dietary
sodium restriction, captopril, or adrenalectomy [5, 16]. As
consistent with the previous report [6], we found that the
deeper arterioles were shorter than the superficial arterioles,
which may explain their lower renin content. However, even
after being normalized by length, renin content decreased
steeply from superficial to midcortical to juxtamedullary arte-
rioles on both normal and low sodium, nor did we observe any
significant correlation between renin content and length. There-
fore, the renin gradient does not seem to be related to the length
of the arteriole.
We have previously shown that in microdissected superficial
afferent arterioles, a low sodium diet for two weeks increased
renin content but not the rate of release [101. In the present
study, sodium depletion lasted four weeks, which resulted in an
increase in both arteriolar renin content and release rate.
Therefore, these difference may be related to duration of
sodium depletion.
Heterogeneity of intrarenal renin content in turn suggests that
basal and stimulated renin release differ among superficial,
midcortical and juxtamedullary arterioles. However, there are
only a few studies on renin release by the various areas of the
renal cortex. Jones et al [4] and Torreti and Weinberger [17]
reported that in the cat, renin release was significantly less in
the inner than the outer cortex, and that norepinephrine (l0
M) significantly stimulated renin release by outer cortical slices
alone. Using isolated dog glomeruli, Schryver et al [2] also
found that basal release was significantly less in juxtamedullary
glomeruli, while arachidonic acid increased renin release from
superficial but not juxtamedullary glomeruli. In general, our
findings are consistent with these studies; however, gradients in
basal renin release were much steeper, and isoproterenol in-
creased renin release from not only superficial but also midcor-
tical and juxtamedullary arterioles.
It has been shown that during chronic stimulation of the
renin-angiotensin system, the percent increase in tissue renin
content was greater than the increase in release rate [10, 18].
However, to the best of our knowledge there are no reports of
the effect of such stimulation on renin release from different
nephron populations. When rabbits were fed a low sodium diet,
the effect was more profound in superficial than in deeper
arterioles, resulting in greater differences among arterioles.
Although isoproterenol significantly stimulated renin release
from all types of afferent arterioles, only in the superficial
arterioles was the increase () greater with sodium depletion.
Studies have suggested that two pools are involved in renin
secretion by the juxtaglomerular cells [19, 20]. In one pool,
freshly synthesized renin is secreted by an unregulated mech-
anism (constitutive pathway), whereas in the other pool, stored
and mature renin is secreted by a regulated pathway which is
sensitive to isoproterenol [20—22]. It may be that renin release
along the constitutive pathway was increased by sodium deple-
tion in both superficial and midcortical afferent arterioles,
whereas release along the regulated pathway was only in-
creased in the superficial arterioles.
The gradient in renin content and release observed in the
present study may be related to anatomical and functional
heterogeneity among nephrons. Juxtamedullary nephrons have
larger glomeruli, longer loops and a higher glomerular filtration
rate than superficial nephrons [23]. Aukland et al [24] have
demonstrated that pressure drops substantially in the interlob-
ular artery going from the juxtamedullary to the superficial
cortex. Since high renal perfusion pressure inhibits renin re-
lease and vice versa [25], the gradient we observed may reflect
the perfusion pressure of each arteriole. Another possibility is
the involvement of the macula densa. It has been shown that the
influence of negative feedback by the macula densa on single
nephron glomerular filtration rate is greater in deep than in
superficial nephrons [26]. Since the macula densa could also
suppress renin release by the same mechanism [11, 27], this
tonic and more potent suppression in juxtamedullary arterioles
may inhibit renin synthesis and, over the long term, result in
low renin content and release. From the teleological point of
view, it could be that the steep gradients in renin content and
release during low sodium intake shift blood flow to the
juxtamedullary nephrons which have a higher capacity to retain
sodium, thereby contributing to the maintenance of sodium
balance.
In conclusion, the present study demonstrates that renin
content and release per afferent arteriole decrease from outer to
inner cortex, both on normal and low sodium intake. Sodium
depletion has a greater effect on renin content and release in
superficial than in deep afferent arterioles, augmenting the
renin-releasing action of isoproterenol only in the superficial
arterioles. These findings indicate substantial heterogeneity of
intrarenal renin content, basal and isoproterenol-induced renin
release, and response to chronic sodium depletion.
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